Ongoing drug use in an opiate-addicted individual could be reinforced by withdrawal reactions that occur when drug use is halted abruptly.
Ongoing drug use in an opiate-addicted individual could be reinforced by withdrawal reactions that occur when drug use is halted abruptly. 1 Overactivity and disinhibition of brainstem noradrenergic neurons is thought to be a key mechanism for the hyperautonomic state and for many of the somatic symptoms that occur during acute withdrawal 2 and also for the acquisition of avoidance behaviors after occurrence of withdrawal reactions. 3 Little is known about endogenous factors that regulate noradrenergic neuron function and opiate withdrawal-related behaviors. Molecules of the nerve growth factor family may influence neuronal health and plasticity both in the developing and in the adult brain, including the reward and addiction circuitry. 4 Brainstem noradrenergic neurons of the adult rodent and primate brain express the neurotrophin-3 (NT-3) high affinity receptor, TrkC, [5] [6] [7] as well as the brain derived neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-4/5) receptor TrkB. In selected neuronal populations, NT-3 may promote growth and survival by binding to TrkB or TrkA, the high affinitity receptor for nerve growth factor (NGF). [8] [9] [10] Although levels of NT-3 and TrkC mRNA are altered in several brain areas during opiate withdrawal, 5 in vivo evidence of a role for NT-3 in opiate withdrawal and noradrenergic neuron function is still lacking. The perinatal lethality of conventional NT-3 knock-out mice, 11, 12 due to major cardiovascular malformations, 13 prevented the use of these mice to study NT-3 in the adult brain. Using a conditional knock-out strategy with Cre/loxP mediated NT-3 gene deletion that results in complete loss of NT-3 in the central nervous system in mice with normal viability, fertility and lifespan, 14 we show here for the first time that NT-3 modulates electrophysiological responses and neurochemistry of brainstem noradrenergic neurons and that NT-3 is essential both for opiate withdrawal-induced avoidance behavior and for the somatic symptoms that occur during acute withdrawal.
NT-3 modulates expression of tyrosine hydroxylase but is not essential for survival of noradrenergic neurons
We used two transgenic lines, a conditional NT3 mutant 14 and a transgenic line carrying an NT3 transgene under the control of the DBH promoter to examine the consequences of NT3 deficiency as well as NT3 overexpression in opiate withdrawal reactions and in noradrenergic neuron function in vivo. Expression of the recombinase cre under control of the nestin promoter results in complete deletion of NT-3 during prenatal development of the brain and spinal cord.
14 To ascertain ubiquitous nestin-cre expression, a reporter line that expressed beta-galactosidase in all tissues upon cre-mediated removal of a stop translation sequence 15 was crossed with the nestin-cre transgenic line. The results shown in Figure 1a -c indicate that cre-mediated recombination is complete throughout the brain, consistent with previous Northern blot results. 14 In adult brain, NT-3 has been implicated in survival of noradrenergic neurons 16 and therefore neuronal numbers and expression of selected neurochemical markers were analyzed in adult mutants and controls. Coronal sections from the brainstem of 3-month-old 17 TH is the rate-limiting enzyme in the biosynthesis of norepinephrine. The difference in neuronal numbers between the conditional mutants and the controls was less than 15% and not significant (Figure 3a) .
Previous studies have shown that expression of TH is upregulated during chronic morphine exposure, presumably as a compensatory mechanism for increased neuronal inhibition. 18 This transcriptional regulation is mediated, in part, by cAMP-dependent transcription factors and repressors. 19 Western blot analysis of microdissected A6 from wild-type mice that received morphine (total of 500 mg over 60 h) showed increased TH immunoreactivity in comparison to drug-free animals. In contrast, the conditional NT-3 mutant mice revealed no up-regulated TH immunoreactivity within this brain region upon chronic morphine administration (Figure 3b) . This difference to morphine-treated controls was consistent for 5/5 morphine-treated mutants tested (mean ± SE: controls 193.3 ± 18.3; mutants 84.8 ± 22.2).
We determined total numbers of TH+ neurons in A2 and A6 of mice which expressed an NT-3 transgene under control of the 5.8-kb fragment of the human dopamine-beta hydroxylase gene (DBH) promoter 20 (see also Methods). In these mice, NT-3 was expressed at high levels in A6 and A2 noradrenergic cell groups (Figure 1e , f, i), in the proprioceptive mesencephalic trigeminal tract nucleus, peripheral sympathetic ganglia, and the adrenal medulla by in situ hybridization and ELISA (data not shown). Activity of the DBH promoter in sensory neurons and other tissues was previously described for a transgenic lacZ reporter line. 20 In sections obtained from wild-type mice, no specific labeling was observed over noradrenergic cell groups including A6 (Figure 1d ).
In the DBH-NT-3 transgenic mice, total numbers of TH+ cells were increased in A2 by 30% (unpaired twotailed t-test (T); P Ͻ 0.05) but in A6 did not differ from controls ( Figure 3a) . It is not clear if the observed increase in TH+ cells in A2 reflects a true increase in total number of neurons or if, alternatively, more neurons express detectable levels of TH. In the DBH-NT-3 transgenic mice, TH immunoreactivity both in somata and in the neuropil of the A2 region appeared more robust (Figure 2c ), in comparison to NT-3 conditional mutants (Figure 2d ).
In the conditional NT-3 mutant mice, strong and ubiquitous nuclear staining for phosphorylated CREB, 21 a transcription factor known to be involved in opiate withdrawal 22, 23 was preserved in A6, A2 and all other noradrenergic cell groups such as A1 in the ventral medulla (Figure 4c, d ) and no significant differences were found in levels of CREB immunoreactivity in TH-positive neurons of mutants and controls (data not shown). The CREB transcription factor regulates expression of the proto-oncogene c-fos. 21 Opiate withdrawal stimulates strong c-fos expression in norad- renergic neurons. 24 The expression of c-fos was upregulated in the wild-type mice of the present study after morphine withdrawal (Figure 4a ), which was induced with the -(opioid) receptor antagonist naloxone. This up-regulation was found to be unperturbed in the conditional null mutant (Figure 4b ). Ligand binding autoradiography with nisoxetine, a ligand for noradrenergic re-uptake transporters selectively expressed by noradrenergic neurons, showed a labelling pattern in the fore-and hindbrain that was indistinguishable between conditional mutant and control (data not shown). Taken together these findings suggest that NT-3 modulates TH expression in noradrenergic neurons during chronic opiate exposure but this neurotrophin is not essential for neuronal survival and noradrenergic innervation.
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NT-3 deficiency causes abnormal cAMP-mediated signal transduction in A6 neurons
In order to clarify if loss of NT-3 alters the functional state of brainstem noradrenergic neurons we conducted electrophysiological recordings in A6. The focus of these experiments was on standard measures for the cAMP signal transduction pathway that activates Ca 2+ and Na + channels, causing depolarization and excitation. In wild-type animals, the activity of this intracellular signal transduction pathway is upregulated under conditions of increased neuronal inhibition, including chronic opiate exposure. 25 This mechanism is thought to compensate for drug-induced neuronal hypoactivity. When drug use is halted abruptly, these and other neurochemical adaptations 26 result in overexcitation of noradrenergic neurons by intrinsic mechanisms and by increased excitatory afferent input, 4 causing the withdrawal syndrome.
Coronal slices containing the A6 were obtained from 10-16-week-old conditional NT-3 mutant and control mice treated with saline or morphine. Using extracellular recordings from single A6 neurons, the effects on firing rate of substances applied in the perfusate were measured. Neurons recorded from 10-week-old mice did not differ from those recorded in 16-week-old mice. Examples of recordings are shown in Figure 5 .
The cAMP pathway mediates neuronal excitation in noradrenergic neurons and was examined in conditional mutants and controls treated with saline or chronic morphine. Forskolin stimulates adenylyl cyclases and when it was added to the slice perfusate, neuronal firing in saline-treated wild-type A6 neurons was increased (Figure 5a , e). This forskolin-mediated increase in neuronal firing was significantly reduced in saline-treated conditional mutants (Figure 5b, e) .
After 60 h of a progressive treatment schedule for morphine (total dose = 500 mg kg −1 ), forskolin caused a robust increase in neuronal firing in wild-type mice which was, on average, stronger than the forskolininduced neuronal firing in saline-treated control mice (Figure 5c , e). This apparent upregulation of the cAMP pathway after chronic opiate exposure is consistent with previous results. 23 Interestingly, morphine-treated conditional mutants showed at baseline a significant elevation in neuronal firing, in comparison to morphine-treated controls (Figure 5d, e) . However, addition of forskolin to the perfusate caused a further increase in neuronal firing in the conditional mutants ( Figure 5d ) and was similar to the firing rate of forskolin-treated controls ( Figure 5e ).
We conclude that cAMP mediated signal transduction in A6 neurons is altered in NT-3 deficient mice both under drug-free conditions and after chronic morphine exposure. In saline-treated mutant mice, the cAMP pathway is hypoactive because the forskolininduced increase in neuronal firing was reduced. In morphine-treated mutants, cAMP-mediated signaling is dysregulated because the baseline firing rate was abnormally elevated, which made further elevation of neuronal firing by activation of the cAMP pathway less effective.
G-protein coupled inhibitory receptors are intact in mutant noradrenergic neurons
Hyperpolarization and functional inhibition of noradrenergic neurons is, in part, mediated through G-protein coupled opioid-and ␣2-adrenoreceptors. Brief exposure to enkephalin (100 M), an endogenous opioid receptor agonist, caused total neuronal inhibition lasting approximately 2 min in all neurons recorded from A6 of controls (Figure 5a , c) and conditional mutants ( Figure 5 b, d). In addition, the suppression of neuronal firing by successively increased concentrations of the synthetic -(opioid) receptoragonist DAMGO was evaluated in 10-week and 16-week-old mice, and no differences were found between mutants and controls ( Figure 5f ). The IC 50 was very similar in both groups of mice (mutants: 46.9 nM; controls: 47.9 nM). Also, all mutants and controls showed robust ␣2-adrenoreceptor mediated inhibition (data not shown). Therefore, the mechanisms of cellular inhibition appear to be fully preserved in A6 neurons of NT-3 conditional mutants.
NT-3 deficiency attenuates opiate withdrawal and withdrawal-induced aversion
We next tested whether the observed abnormalities in opiate-induced neurochemical and physiological adaptations of noradrenergic neurons in the conditional mutants resulted in altered opiate withdrawal behavior. A withdrawal reaction was induced in 12-week-old mice after 60 h of a progressive treatment of morphine (total dose 500 mg kg −1 ) with an s.c. injection of naloxone (1 mg kg
). Wild-type mice showed symptoms characteristic of opiate withdrawal, including signs of autonomic hyperactivity, wet dog shakes, tremors and digging. As shown in Figure 6a , b, the NT-3 conditional mutant mice scored, in comparison to wild-type mice, 35% lower on ratings for autonomic hyperactivity (ANOVA F = 15.4, P Ͻ 0.01, Fisher's PLSD −1.1, P Ͻ 0.01) and also had a significant attenuation in various behavioral symptoms, including wet dog shakes (ANOVA F = 3.36, P Ͻ 0.05; Fisher's PLSD −3.28; P = 0.018). The total withdrawal score for this ). y-axis shows firing rate (spikes per 10 s), horizontal axis represents running time, bold bars represent running time period of perfusate application (calibration bar = 2 min). Notice reduced neuronal firing in drug-free conditional mutant after application of forskolin (b) in comparison to wild-type (a) and increased neuronal firing at baseline prior to application of forskolin in morphine-treated conditional mutant (d) in comparison to wild-type (c). Table (e) summarizes recording data and % differences for the four cohorts of saline-and morphine-treated conditional mutants. (f) Dose-response curve for -receptor agonist DAMGO, measured as % suppression of baseline firing rate (y-axis) after successive increase in DAMGO concentration in perfusate (x-axis) in 10-weekold mutant (᭺) and control () mice. Note similar dose-response curves in mutant and control. Data shown as mean ± SE. Significance of differences between mutants and controls was calculated by an unpaired two-tailed t-test.
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Figure 6
Opiate withdrawal reactions and withdrawal-induced aversion in NT-3 mutant mice. (a, b) Summarize observerbased ratings of naloxone-precipitated withdrawal in the NT-3 conditional mutant mice (gray bars), in comparison to conditional mutants that carried the DBH-NT-3 transgene (black bars) and wild-type controls (white bars). (a) Total number of checked signs (diarrhea, rhinorhea, lacrimation, abnormal posture, irritability, ptosis) in saline-treated animals (left-sided bars) and after chronic morphine administration (500 mg kg −1 total dose per 60 h) (right-sided bars). White bar (WT) = wild-type mice, gray bar (KO) = NT-3 conditional mutant mice, black bar (KO/T) = conditional mutant mice carrying the DBH-NT-3 transgene. (b) Total number of wet dog shakes (left-sided bars) and total overall withdrawal score (right-sided bars) in morphine-treated animals. Bar codes as in (a). *P Ͻ 0.05; **P Ͻ 0.01. (c) Avoidance (y-axis, in seconds) of aversive chamber 24 h after morphine withdrawal in male and female conditional NT-3 mutants and controls. Data are expressed as mean ± SE. group of mutant mice also was 30% lower in comparison to age-matched controls (total score mutant 6.1 ± 0.47 (mean ± SE); controls 8.9 ± 0.97; (ANOVA) F = 9.69, P Ͻ 0.01).
To confirm if this behavioral difference was a primary effect of NT-3 on noradrenergic neurons, we tested the opiate withdrawal response of NT-3 conditional mutants that also carried one copy of the DBH-NT-3 transgene. We found that the response was indistinguishable from wild-type animals (Figure 6a, b) . This result provides strong genetic evidence for a role of NT-3 in normal opiate withdrawal and suggests that the attenuated withdrawal reaction in NT-3 deficient mice is, at least in part, due to dysfunction of noradrenergic neurons.
Withdrawal acts as a negatively reinforcing stimulus, which is thought to be a component for the development or maintenance of the addicted state.
1 Aversive conditioning to opiate withdrawal was measured by the conditioned place aversion paradigm. In a pre-conditioning test, all animals with a strong side preference at baseline were removed from further testing. Then, mice were placed on a progressive treatment schedule for morphine. One group of mutants and controls received 340 mg kg −1 per 60 h, another group received 720 mg kg −1 per 72 h. Twenty-four hours after the animals underwent a naloxone-induced withdrawal reaction in one particular chamber, wild-type mice spent less time in that aversive chamber, in comparison to NT-3 conditional mutants (Figure 6c ). This difference was significant (mixed factor ANOVA: genotype-F = 4.20, P Ͻ 0.05; sex-F = 1.22, P = 0.28; dose-F = 1.34, P = 0.26). After collapsing the data for sex and dose, pairwise comparisons using the Newmans-Keuls test revealed a significant difference between null and wild-type mice (P Ͻ 0.05).
A simple fear conditioning paradigm was applied, in order to rule out a generalized learning deficit in the conditional mutant. After repeated exposure to electrical footshocks in a conditioning chamber, both controls and conditional mutant mice developed, within minutes, an approximately five-fold increase in freezing behavior, as quantified by computerized videomonitoring. When returned to the aversive chamber 24 h after receiving shocks, this increase in freezing time was retained in the first 5 min both in mutants (ratio freezing/non-freezing time 0.57 ± 0.08; baseline 0.11 ± 0.02) and controls (0.48 ± 0.07; baseline 0.08 ± 0.01).
Regional distribution pattern of NT-3 expression suggests target-derived modulation of noradrenergic neuron function
It is not known whether NT-3 expression is dynamically regulated in adult mouse brain. Differential expression of NT-3 after opiate exposure may imply a role for NT-3 in drug-induced neuronal and behavioral adaptations. In order to learn more about the regional distribution and transcriptional regulation of NT-3 in opiate-exposed mice, we studied transgenic mice with a lacZ reporter coding sequence integrated into the endogenous NT-3 locus. 27 In the forebrain and midbrain, the regional distribution pattern of lacZ expressing cells in morphine-treated animals (500 mg kg −1 per 60 h) appeared qualitatively normal and similar to the distribution pattern described previously for drug-free animals. 27 However, morphine-treated animals consistently showed much stronger lacZ reporter activity for the lateral septum and the CA2 region and the dentate gyrus of the hippocampus, in comparison to drug-free littermate controls (Figure 7a-d) . The bed nucleus of the stria terminalis (BNST) contained, in areas of immediate vicinity to the lateral septum, a few scattered lacZ+ neurons in morphine-treated animals while drug-free animals had no lacZ reporter activity in that brain region (Figure 7e, f) . Noteably, the BNST, the lateral septum and other NT-3 expressing areas such as the cingulate and entorhinal cortex are comparatively rich in noradrenergic fibers. 28 The expression pattern of NT-3 in the hindbrain did not show qualitative or quantitative differences between morphine-treated and drug-free animals: only few areas of the hindbrain contained significant numbers of lacZ+ neurons. A subgroup of neurons of the nucleus prepositus hypoglossi (NPH) and adjacent vestibular nuclei were among the most heavily stained neurons in any brain region (Figure 7i) . The cerebellar cortex, the dorsal cochlear nucleus, and the lateral and rostral portions of the solitary tract nucleus (NTS) were also labeled (Figure 7j ). The paragigantocellular nucleus, which together with the NPH and the NTS comprises a major afferent input source to brainstem noradrenergic neurons, contained no NT-3 expressing cells.
Sections from the midbrain that were processed for TH immunoreactivity and lacZ reporter activity contained numerous double-stained sections in the substantia nigra and ventral tegmental area (Figure 7g ), as Molecular Psychiatry described. 27 However, NT-3 reporter gene expression was, both in newborn and adult brain, strikingly absent in catecholaminergic neurons of the entire hindbrain and pons, including A6 and A2 (Figure 7h ). These results are consistent with data obtained from emulsion-dipped sections from wild-type pons hybridized with radiolabeled NT-3 antisense cRNA, showing no specific labeling over noradrenergic cells (Figure 1d ).
Discussion
We report genetic evidence for a role of NT-3 in opiate withdrawal and noradrenergic neuron function. Mice with a CNS-wide deletion of NT-3 had attenuated withdrawal reactions which was restored by transgenederived overexpression of NT-3 in noradrenergic neurons. Noradrenergic neurons of adult conditional NT-3 mutants had alterations in electrical activity both under drug-free conditions and after chronic opiate exposure. The upregulation of TH after chronic opiate exposure was reduced. The NT-3 deficient mice maintained normal numbers of noradrenergic neurons, therefore NT-3 is not essential for noradrenergic neuron survival. These results suggest that loss of NT-3 affects the function of noradrenergic neurons, including the capacity for opiate-induced neurochemical and functional adaptations.
Reduced opiate withdrawal in conditional mutants is accompanied by noradrenergic neuron dysfunction
Brainstem noradrenergic neurons play a key role in the neurobiology of the withdrawal reaction.
2 NT-3 may interfere with the biological effects of opiates by direct effects on noradrenergic neurons: NT-3 opposes, in vitro, the observed decline in embryonic A6 neuron numbers after chronic morphine exposure. 29 Furthermore, opiate exposure alters the expression of neurotrophic factors, including NT-3. In rat A6 neurons, NT-3 expression was increased after chronic morphine exposure but fell below baseline levels after acute withdrawal. 5 The high affinity receptor for NT-3, trkC, also shows dynamic changes in expression during chronic opiate exposure and withdrawal. 5 These studies suggested indirectly that NT-3, by affecting noradrenergic neuronal function, modulates opiate addiction and withdrawal behaviors. This hypothesis is supported by the observation that overexpression of NT-3 by noradrenergic neurons restored the withdrawal reaction in the NT-3 conditional mutants.
Upregulation of TH after chronic morphine exposure was present in wild-type noradrenergic neurons, consistent with previous observations in rats and transgenic mice expressing a lacZ reporter under control of the TH promoter. 18, 23 While the functional significance of TH upregulation is not clear, the fact that it is diminished in NT-3 deficient mice suggests impaired capacity to adapt to chronic opiate exposure. Alterations in neuronal activity, including a hypoactive cAMP signaling cascade under drug-free conditions, an abnormal elevation in baseline firing rate after chronic morphine exposure, provide additional evidence that noradrenergic neurons are dysfunctional in NT-3 conditional mutants. Because total numbers of TH expressing noradrenergic neurons were maintained in adult conditional mutants, NT-3 is not required for neuronal survival and maintenance. Normal numbers of noradrenergic neurons in the mutant brain also argue that the observed alterations in noradrenergic neuron function and opiate withdrawal are due to a physiological role of NT-3 rather than due to a defect in brain development.
Noradrenergic neurons are organized in multiple clusters in the pons and medulla, which may explain the observation that lesions of individual clusters and fiber pathways do not abolish opiate withdrawal reactions. 3, 30, 31 Pharmacological inhibition of the entire noradrenergic system, on the other hand, is a very effective treatment for opiate withdrawal.
2 Whereas recent evidence points to an important role of the noradrenergic cell groups in the medulla at least for withdrawal-induced aversion, 3 traditionally the A6, which is the largest noradrenergic cell cluster in the brain, has served as a model system for the pharmacology and cellular basis of opiate tolerance and withdrawal. 4 Application of electrical recording and other analytical techniques to noradrenergic cell groups other than the A6 is extremely difficult in the mouse and thus it remains unclear if morphine-induced alterations in A6 neuron electrophysiology and neurochemistry are representative of alterations occurring in other noradrenergic cell groups. However, we found, by TH immunohistochemistry, subtle changes in medullary (A2) noradrenergic neurons in transgenic mice that overexpress NT-3 in these neurons. Therefore, NT-3 may modulate the neurochemistry of several or all noradrenergic populations in the brainstem.
Noradrenergic neurons do not express NT-3
We found no evidence for NT-3 expression in wildtype noradrenergic neurons in postnatal and adult mouse brain. This is in contrast to previous studies in the rat localizing NT-3 mRNA to A6, 5, 32 suggesting that related species may differ in regional patterns of neurotrophin gene expression. Because neurotrophins are subject to retrograde 33 and anterograde transport, 34, 35 other NT-3 expressing neuronal populations in adult brain 27, 36, 37 may supply noradrenergic cells with targetderived NT-3. Furthermore, the observed alterations in electrical activity of A6 neurons and the failure to upregulate TH after chronic opiate exposure in the conditional mutants may be explained by lack of targetderived NT-3. Alternatively, these changes in mutant A6 neurons could be secondary, with the primary defect being in other neuronal populations that depend on autocrine or paracrine NT-3 38 and that are interconnected with the noradrenergic system.
We found that NT-3 expressing neurons are present in two brainstem nuclei that are interconnected with the noradrenergic system and that provide a major afferent input. These were the nucleus prepositus hypoglossi (Figure 7i ) and the rostral portions of the nucleus of the solitary tract (Figure 7j) . 39, 40 NT-3 expressed in these nuclei may be subject to anterograde axonal transport and may be released from presynaptic terminals to postsynaptic noradrenergic neurons. 35 Alternatively, TrkC or TrkB receptors on axon terminals of noradrenergic neurons may take up NT-3 and transport ligand and receptor in a retrograde direction. In this regard, it is of interest that chronic opiate exposure upregulates endogenous NT-3 gene expression in selected forebrain areas, including the lateral septum (LS), parts of the neighboring bed nucleus of the stria terminalis (BNST) and the dorsal hippocampus (DH). These areas compose part of a circuit mediating avoidance and aversion behavior 41, 42 and noradrenergic fibers innervating this particular circuitry are thought to be essential for opiate withdrawalinduced aversion. 3 Therefore, NT-3 produced in these forebrain regions could be important for opiateinduced adaptations of noradrenergic neurons and may explain why withdrawal-induced aversion was reduced in the NT-3 deficient mice of our study. Target-derived NT-3, by modulating noradrenergic neuron function, may affect complex, long-term behavioral sequelae of opiate dependence and withdrawal. This is of particular interest from a clinical point of view. In patients addicted to opiates, the experience of opiate withdrawal may act as strong negative reinforcement, thus maintaining the addicted state. 1 Previous studies suggested that target-derived NT-3 plays an essential role during the developmental period, by modulating neuronal survival in the peripheral nervous system, including proprioceptive and sympathetic neurons. 11, [43] [44] [45] Our findings suggest, indirectly, that in adult brain, selected neuronal populations, including the noradrenergic system, require target-derived NT-3 for proper function but not necessarily for neuronal maintenance and survival. Future experiments, using genetically engineered mice with a tagged NT-3 coding sequence 46 should clarify if modulation of opiate withdrawal by NT-3 is due to target-derived modulation of noradrenergic signalling and/or additional effects on other neuronal populations of the circuitry that mediates opiate withdrawal and withdrawal-related aversion.
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Methods
Genetic engineering
For characterization of the NT-3 conditional knock-out allele and of the Nestin-Cre transgene, see Bates et al 14 and Trumpp et al. 47 The DBH-NT-3 transgenic mice were generated by pronuclear injection of a plasmid containing sequentially a 5.8-kb fragment of the human dopamine-beta hydroxylase gene promoter as described by Mercer et al, 20 a 0.15-kb fragment comprising intron A of the human insulin gene, a 0.96-kb fragment containing the complete translated sequence of a human neurotrophin-3 cDNA, and a 0.27-kb fragment of a mouse protamine I cDNA 3Ј UTR, containing the polyadenylation sequence. The line employed for these studies contained 5-10 tandemly integrated copies of the transgene. The genetic background of all mutant and control mice was mixed, but predominantly 129 and C57/Black6. Breeding strategies were chosen to obtain wild-type littermates as controls for the NT-3 mutants, in order to minimize the variability in genetic background.
Morphine injection protocol
Procedures were similar to Taylor et al 48 and Punch et al. 49 Opiate dependence was induced by a progressive treatment schedule of morphine sulfate i.p. spaced every 6-10 h (day 1: 20-40-60 mg kg −1 , day 2: 80-100-100 mg kg −1 , day 3: 100 mg kg −1 ). Thus, the total cumulative morphine dose was for each animal 500 mg kg
per 60 h. These protocols was used for the Western blot analysis, the histological studies, the electrophysiological recordings, the analgesia experiments and the observer-based ratings for somatic withdrawal. For the conditioned place aversion experiments, 50% of animals were subject to a 'low dose morphine' progressive treatment schedule (340 mg kg −1 total over 60 h) and 50% of animals were subject to a 'high dose morphine' progressive treatment schedule (720 mg kg −1 total over 72 h) schedule. For the rating and conditioning experiments, withdrawal was precipitated 2 h after the last morphine injection with naloxone.HCl s.c. 1 mg kg −1 ).
In situ hybridization
Brains were perfusion-fixed with phosphate-buffered 4% paraformaldehyde, postfixed overnight in the same fixative, cryoprotected in 30% phosphate-buffered sucrose, frozen and cut on a cryostat in series of 20-m thick coronal sections which were stored in above fixative for another 2 h, then mounted on Vectabond (Vector, Burlingame, CA, USA) coated slides and airdried. Sections were washed twice in 0.1 M phosphatebuffered glycine and once in phosphate buffer (pH 7.4), then digested with proteinase K (1 g ml −1 in 0.1 M Tris pH 8.0, 50 mM EDTA) for 30 min at 37°C, then washed for 10 min at RT in 0.25% acetic anhydride in 0.1 M TEA (pH 8.0), then washed twice in 2 × SSC (15 min, RT). They were then dehydrated, defatted in 100% chloroform for 10 min, rehydrated and airdried, then incubated in a humidified chamber for 24 h at 60°C in hybrization buffer (10% dextrane, 50× dionized ) in RNAse buffer (0.5 M NaCl, 10 mM Tris pH 8.0/1 mM EDTA), then washed twice in 2 × SSC, twice in 0.5 × SSC, once at 0.1 × SSC (30 min each, 60°C), dipped in water, airdried and either exposed to beta max hyperfilm (Amersham, Piscataway, NJ, USA) for 10 days or dipped in Kodak (Rochester, NY, USA) NTB2 emulsion and developed after 28 days, then counterstained and coverslipped.
Western blot analysis
Brains of 10 control mice and 10 conditional mutants (5 per group were untreated, 5 per group received chronic morphine; 500 mg per 60 h) were rapidly removed after decapitation, and A6 was excised using a 15-gauge syringe as previously described for the mouse. 18 Samples were homogenized in 2% SDS and aliquots of A6 containing 20 g of protein were loaded on 7.5% SDS polyacrylamide gels, electrophoresed and transferred to nitrocellulose (Schleicher and Schuell, Keene, NH, USA). Blots were immunolabeleled for TH exactly as described. 23 Equal loading and transfer was controlled by immunolabeling for tubulin. Differences between mutants and controls were quantified using optical densitometry of film autoradiograms and NIH imaging software.
Immunohistochemistry
For immunohistochemical experiments, drug-naive mice were compared with mice exposed to chronic morphine (see above). c-fos immunoreactivity in noradrenergic neurons was examined in drug-naive mice and in mice that were exposed to chronic morphine and that received naloxone.HCl s.c. 1 mg kg −1 after the last morphine injection. Withdrawal reactions (as described above) were verified by a trained observer, and 110 min after the naloxone injection, the animals were killed. All mutant and control brains were perfusion-fixed with phosphate-buffered 4% paraformaldehyde, postfixed in the same fixative for 2 h, cryoprotected in 30% phosphate-buffered sucrose, frozen and cut in series of 20-m thick coronal sections on a cryostat (Reichert-Jung, Vienna, Austria). Sections were incubated free floating at room temperature for 20 h with a monoclonal antibody for tyrosine hydroxylase (1:1000) (Incstar, Stillwater, MN, USA), and for doublelabeling, an antiserum for the 43-kDa phosphorylated form of CREB (1:500), 21 Upstate Biotech (Lake Placid, NY, USA), or an antiserum recognizing c-fos (1:500) (Oncogene, Boston, MA, USA) in phosphate-buffered 0.3% Triton X-100 with 4% horse or goat serum. After washing, sections were incubated either in biotinylated secondary antibodies processed for DAB staining (Vectastain, Burlingame, CA, USA), according to the manufacturer's instruction or incubated in FITC or Texas Red conjugated secondary antibodies (1:200, Vector) for 60 min. For all immunohistochemical experiments, thionine-stained parallel sections were used for cytoarchitectonic studies and anatomical localization. A separate set of sections, obtained from mice carrying a lacZ reporter in the endogenous NT-3 locus 27 were first stained free floating for beta-galactosidase activity: sections were rinsed twice (5 min and 20 min, RT) in buffer A (0.1 M phosphate buffer (pH 7.4), 2 mM MgCl 2 , 5 mM EGTA), then rinsed twice (5 min each) in buffer B (0.1 M phosphate buffer pH 7.4, 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% NP-40) and then transferred into the staining solution (buffer B, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 1 mg ml −1 X-gal), incubated for 16 h at 37°C, then washed in phosphate buffer and then were either processed for TH immunohistochemistry as above or mounted on gelatin/chrom alum coated slides, counterstained with Neutralred, dehydrated and coverslipped.
Cell counting studies Drug-naive mutant and control animals were used for cell counting studies. Total numbers of bilateral A6 and A2 neurons were determined in series of 20-m thick sections that were processed for DAB-stained TH immunoreactivity and then counterstained with cresyl violet. Every second section was used for counting. Because both A6 and A2 showed in all mutants and controls considerable variability in neuronal distribution and density along the rostrocaudal axis, optical dissector and volume-based cell counting methods that rely on constant cell densities in a given volume were inaccurate for the present study. Instead, TH immunoreactive neurons (defined by brown cytoplasm in DABstained material) cut through the level of the nucleus were counted in each section and total neuronal numbers were calculated by adding counts of single sections. The noradrenergic cell group A2 was localized using the detailed cytoarchitectonic descriptions of Kalia et al. 17 Three-month-old NT-3 conditional knockout mice and littermate controls and DBH NT-3 transgenic mice and littermate controls of the same age groups were used, with a minimum of five animals for each age group and genotype. Data from the two age groups were taken together and differences between genotypes expressed as means ± SE.
Electrophysiology
Electrophysiological recordings from A6 neurons were performed on a series of 3-week, 10-and 15-16-weekold mutant mice and controls, as previously described. 23 Briefly, brain slices containing the A6 were transferred onto the stage of a gas-liquid interface brain slice chamber under a constant flow of humidified 95% O 2 :5% CO 2 and physiological buffer. The A6 were visually identified and single-unit extracellular potentials were recorded with glass microelectrodes filled with 2 M NaCl. Consecutive cells were sampled by multiple electrode tracts randomly positioned within the A6 and recorded for a minimum of 3-5 min to ensure that the firing rates were stable. Recordings were conducted on drug-naive untreated animals and on mice exposed to chronic morphine. Recordings began not earlier than 90 min after setting up the slice preparation. This waiting period ensured complete wash-out of morphine in the drug-treated animals, as described. 25 Transient electrical silencing after brief application of short-lived enkephalin was used to confirm that recording was done from LC neurons. Firing rates of A6 neurons were recorded after bath application (for at least 10 min) of forskolin (10 mol). At this concentration, maximal electrophysiological responses from A6 neurons are elicited. In addition, (opioid) receptor inhibition was examined by doseresponse curves with the synthetic agonist DAMGO. For statistical analysis, the firing rates of neurons (typically 10-14 from a single A6) were averaged and considered as a single data point. A minimum of 12 animals was used for each genotype and treatment.
Somatic withdrawal
Behavioral ratings were calculated over a 15-min period by a trained observer blind to experimental treatment and genotype. Three different groups of mice were tested (minimum 10 animals per group): (1) 3-month-old NT-3 conditional mutant mice; (2) 3-monthold conditional NT-3 mutant mice carrying the DBH NT-3 transgene; (3) wild-type controls. Additional experiments were conducted with NT-3 conditional mutants and controls that were Ն4 months of age. The overall withdrawal score was determined by the total number of checked signs (diarrhea, rhinorhea, lacrimation, abnormal posture, irritability, ptosis) and the frequency of each counted sign (wet dog shakes, freezing, grooming, rear, dig, jumping, tremor) as described. 48 Analgesic effects of morphine were evaluated by the warm-water tail-flick test. Conditional mutants, in comparison to controls, did not show significant differences in tail flick latencies after receiving a single dose of 20 mg kg −1 morphine (mutants: 11.3 ± 6.4 ms; controls 10.4 ± 3.4 ms) or at the 100 mg kg −1 endpoint of the progressive morphine treatment regimen (mutants 9.5 ± 6.3 ms; controls 11.8 ± 7.0 ms), suggesting that analgesic effects and development of tolerance is preserved in the mutant.
Conditioned place aversion
A total of 20 mutant and 20 age-and gender-matched control mice (age range 10-16 weeks) were utilized, under blind conditions, for the conditioned place aversion (CPA) test. Animals were housed individually in a temperature and humidity-controlled room on a 12/12 h light-dark cycle with food and water ad libitum. Conditioning and testing occurred in custom built mouse CPA chambers (MED Associates, Ludlow, VT, USA). During pre-and post-conditioning (day 1 and day 6, respectively), animals explored the two chambers and the middle compartment freely for 900 s. Subjects spending more than 540 s in either chamber or preferring the middle compartment during pre-conditioning were discarded. A progressive treatment schedule of 'low dose morphine' (340 mg kg −1 total over 60 h) and 'high dose morphine' (720 mg kg ). Test performance was defined as the difference in the time spent in each compartment before vs after conditioning. Simple conditioning with electric foot shocks was performed as described, 50 including analysis by MATLAB software (see also http://web.mit.edu/linus/www/meteor/).
Data analysis
In order to examine significance of differences between mutants and controls, unpaired two-tailed t-tests were conducted for cell counting, histology, electrophysiology data and the simple conditioning (footshock) experiments. ANOVA and Fisher's PLSD for post hoc comparison was used for the ratings of somatic withdrawal. The data of the conditioned place aversion experiments were first subjected to a mixed factor ANOVA to evaluate the effect of genotype, sex and morphine dose regimen and then pairwise comparisons were performed with the Neuman-Keuls test.
